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A B S T R A C T

The evidence from clinical trials concerning the efficacy of dietary polyphenols on cardiometabolic health is divergent. Therefore, this
review aimed to determine the pooled effect of dietary polyphenols on cardiometabolic risk markers and compare the difference in efficacy
between whole polyphenol-rich foods and purified food polyphenol extracts. We conducted a random-effect model meta-analysis of ran-
domized controlled trials (RCTs) on the effect of polyphenols on blood pressure, lipid profile, flow-mediated dilation (FMD), fasting blood
glucose (FBG), waist circumference, and markers of inflammation. Effect size was expressed as weighted mean difference and 95% CI. RCTs
published in English between 2000 and 2021 involving adult participants with cardiometabolic risks were searched in electronic databases.
Forty-six RCTs involving 2494 participants with a mean age of 53.3 �10 y were included in this review. Whole polyphenol-rich food but not
purified food polyphenol extracts significantly reduced systolic blood pressure (SBP, �3.69 mmHg; 95% CI: �4.24, �3.15 mmHg; P ¼
0.00001) and diastolic blood pressure (DBP, �1.44 mmHg; 95% CI: �2.56, �0.31 mmHg; P ¼ 0.0002). Concerning waist circumference,
purified food polyphenol extracts led to a larger effect (�3.04 cm; 95% CI: �7.06, �0.98 cm; P ¼ 0.14). Significant effects on total
cholesterol (�9.03 mg/dL; 95% CI: �16.46, �1.06 mg/dL; P ¼ 0.02) and TGs (�13.43 mg/dL; 95% CI: �23.63, �3.23; P ¼ 0.01) were
observed when purified food polyphenol extracts were considered separately. None of the intervention materials significantly affected LDL-
cholesterol, HDL-cholesterol, FBG, IL-6, and CRP. When both whole food and extracts were pooled together, there was a significant
reduction in SBP, DBP, FMD, TGs, and total cholesterol. These findings suggest that polyphenols both as whole food and purified extracts can
be efficacious in reducing cardiometabolic risks. However, these results must be interpreted with caution because of high heterogeneity and
risk of bias among RCTs. This study was registered on PROSPERO as CRD42021241807.
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Statements of Significance
To the best of our knowledge, this is the first meta-analysis to make a comparison between whole polyphenol-rich foods and purified polyphenol
extracts. Additionally, it summarizes current evidence on the effect of dietary polyphenols on several cardiometabolic risk markers.
Abbreviations: DBP, diastolic blood pressure; FBG, fasting blood glucose; FMD, flow-mediated dilation; RCT, randomized controlled trial; RoB, risk of bias; SBP,
systolic blood pressure; WMD, weighted mean difference.
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TABLE 1
PICOS criteria used for systematic literature review

Participants People (�18 y) with cardiometabolic risks
(prehypertension, hypertension, metabolic syndrome,
overweight, obesity, dyslipidemia, insulin resistance, type
2 visceral adiposity, prediabetes, and type 2 diabetes
mellitus)

Intervention Dietary polyphenols (whole food and purified polyphenol
extracts)

Comparisons Placebo
Outcomes Lipid profile (reduction of Total cholesterol, TGs, LDL-c

and an increase in HDL-c), glucose homeostasis (FBG),
endothelial function (measured by Flow-Mediated
Dilation-FMD), blood pressure (SBP and DBP) and
inflammation markers (CRP and IL-6). reduction in waist
circumference

Study design Only RCTs (both parallel and cross-over designs) were
eligible

FBG, fasting blood glucose; PICOS, participants, intervention, com-
parisons, outcomes, and study design.
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Introduction

The current global surge in cardiometabolic risks [1] necessi-
tates investing in both preventive and curative interventions
[2–4]. Over the last 2 decades (2000–2020), there has been an
exponential rise in the importance of polyphenols as potential
modulators for CVDs [2]. Consequently, this has increased the
inclusion of polyphenols in the human diet as either whole
polyphenol-rich food or purified extracts often used as supple-
ments [5].

Polyphenols are a diverse category of plant secondary metab-
olites with a wide range of complex structures [5]. The main
classes of polyphenols are phenolic acids, flavonoids, stilbenes,
phenolic alcohols, and lignans. Flavonoids are by far the most
abundant group of polyphenols in the diet and are comprised of
flavonols, flavones, isoflavones, flavanones, anthocyanidins, and
flavanols [6]. Flavonoids are widespread constituents of fruits;
vegetables; cereals; olives; dry legumes; chocolate; beverages,
such as tea, coffee, and redwine; and some spices [4]. Polyphenols
could attenuate anumber of cardiometabolic riskmarkers, suchas
blood pressure, blood glucose, abdominal obesity, and lipid,
oxidative, inflammation, and vascular health markers [5,7–11].
These health benefits are essentially because of the antioxidant
and anti-inflammatory properties of dietary polyphenols [2].

Although the case for the biological functions of polyphenols
in humans is accumulating, there remains insufficient evidence
on the health effects related to their consumption and car-
diometabolic health. The available evidence from clinical trials
linked to the efficacy of polyphenols on cardiometabolic health is
divergent. First, the diversity of polyphenolic compounds in food.
The intensity of the biological activities of polyphenols primarily
depends on their chemical structure and bioavailability, which
account for the proportion absorbed, digested, and metabolized
after entering the circulatory system [12,13]. Inwhole food,most
polyphenols are present as glycosides with complex oligomeric
structures and require several biotransformations to reach the
target tissue, which could reduce its bioavailability or completely
alter its bioactivity. Ultimately, the focus is increasingly shifting
to the use of purified extracts whose bioavailability is said to be
superior [5]. Second, the high interindividual variation in terms
of absorption,metabolism, and excretion patterns because of both
genetic and nongenetic factors (gender, gut microbiota profile,
age, and [epi]genotype), may explain the heterogeneity in the
efficacy of dietary polyphenols [2,5]. Therefore, we conducted a
meta-analysis of randomized controlled trials (RCTs) on the effect
of dietary polyphenols on selected markers of suboptimal car-
diometabolic health and compared the efficacy of whole
polyphenol-rich foods and purified food polyphenol extracts.

Methods

Search strategy
Electronic databases of PubMed, EMBASE, Scopus, andWeb of

Science were searched. Additional studies were identified from
the bibliographies of published reviews and included articles
(snowballing). The initial search string (Supplementary
Table S1) was developed in PubMed using the PICO criteria in
Table 1. The search string was adapted for use in the different
databases. Searches were conducted from January 2000 to
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December 2021. All identified studies were imported to endnote.
Before conducting data extraction, the review protocol was
registered on PROSPERO as CRD42021241807.

Eligibility criteria
The review was limited to RCTs (both parallel and cross-over

designs) conducted among populations aged �18 y living with
cardiometabolic risks (Supplementary Table S2). Only human
studies published in English from January 2000 and December
2021 have been included.

Data extraction
Study selection

Two independent reviewers (TK and CM) screened the iden-
tified studies according to the inclusion criteria to select the
relevant ones. Prior to this, duplicates were removed. First, titles
and abstracts were assessed. In case of insufficient information in
the title and abstract, full text was read. The full text of the
selected studies was then retrieved and read to determine
whether they met the inclusion criteria. In the event of a
disagreement between the reviewers, “the discussion model until
consensus is reached” was applied. Where this failed, a third
reviewer was consulted. Excluded full-text studies were listed
with the reason for their exclusion.

Data coding
Using a structured excel form, we extracted the following

information from the studies on variables such as study title,
author(s), journal, year of publication, study design, study
setting (country and city), sample size (number of participants),
and participants’ characteristics (age, sex and health status, and
study eligibility criteria), and doses. Classes of polyphenols
(defined according to Tomas-Barberan et al. [5]), baseline and
endline mean and SD of primary and secondary outcome mea-
sures. Trialists were contacted for data if the published result
details were insufficient. Where SDs were missing but either CIs,
SEM, or P values were provided, SDs were then calculated
following the Cochrane Handbook guidelines [14]. Other vari-
ables included study duration, metabolism of polyphenols, and
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mechanism of action of polyphenols. Any discrepancies
encountered during data extraction were resolved through dis-
cussion with a third reviewer (PY).
Risk of bias (quality) assessment
Studies were assessed independently for methodological

validity by 2 reviewers (TK and CM); prior to inclusion in the
review using the Cochrane tool for assessing the risk of bias in
randomized trials (RoB tool) [15]. The following domains were
assessed: random sequence generation (selection bias), alloca-
tion sequence concealment (selection bias), blinding of partici-
pants and personnel (performance bias), blinding of outcome
assessment (detection bias), incomplete outcome data (attrition
bias), selective outcome reporting (reporting bias), and other
potential sources of bias. We judged the RoB in each study as
“low,” “high,” or “uncertain.” We judged a domain as “Unclear
risks of bias” if there was no information or uncertainty over the
potential of threat to validity.
Data analysis
We performed a meta-analysis of mean differences [15] for

total cholesterol, LDL-cholesterol, HDL-cholesterol, TGs, FBG,
waist circumference, CRP, IL-6, systolic blood pressure (SBP),
and diastolic blood pressure (DBP) between the intervention and
control groups using random-effect models at 95% CI. The het-
erogeneity in the studies was assessed by the I2 statistic (a
measure of the proportion of between-study variability) and
judged as low, moderate, or high if it reached 25%, 50%, and
75%, respectively [16]. Potential sources of variability and
whether or not it could affect the mean differences in risk
markers were investigated in subgroup analyses. Subgroups were
predefined based on the following 4 criteria: 1) study size–-
studies were stratified into small studies (<30 participants) and
larger studies (�30 participants); 2) study duration–distinction
FIGURE 1. PRISMA flowchart showing the screening p
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was made between studies with follow-up duration of maximum
4 wk and studies with follow-up time beyond 4 wk; 3) study
design–studies were subgrouped into parallel and cross-over
designs; and 4) intervention material given –whole food-rich in
polyphenols, or purified food polyphenol extracts. Publication
bias was qualitatively assessed by visually inspecting funnel plots
and quantitatively by performing Egger’s regression test.
Trim-and-Fill correction was applied to adjust the analysis for
the effects of publication bias. Sensitivity analysis was on the
other hand done by removing studies with a high RoB. The an-
alyses were performed in Review Manager 5.4.1 Software. Effect
size was expressed as weighted mean difference and 95% CI and
statistical significance was considered for P value of <0.05.

Results

Study search and screening results
The search yielded 1104 studies. After removal of duplicate

studies (n ¼ 35), a total of 975 studies were judged irrelevant by
their title (n¼ 856) and abstract (n¼ 119) screening. A total of 94
studies were screened for full-text review. Out of the 94 studies,
49 studies were eliminated for various reasons as reported in
PRISMA flow diagram (Figure 1). A total of 46 studies met the
inclusion criteria and were included in quality assessment and
meta-analysis. Studies were mainly from Europe, South America,
United States, and Asia. No study was found in Africa.
Characteristics of the studies included
Overall, the included studies comprised 2494 participants

spread into the intervention arm (n ¼ 1254) and placebo (n ¼
1240) with a mean age of 53.3 �10 y. The intervention material
was either a whole polyphenols-rich food (n ¼ 28 studies) or
purified food polyphenol extracts (n ¼ 18 studies). The size for
the studies ranged from 16 to 270 participants and the study
rocess of the studies included in the meta-analysis.
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duration was between 3 d and 12 mo. Berries were the most
frequently studied food items, followed by green/black tea,
cocoa/chocolates, and grape/grape seeds (Supplementary
Table S3). On average, the portion sizes of fruits as an inter-
vention material were 5 servings per day (Supplementary
Table S1). Flavonoids were the most studied group of poly-
phenols (n ¼ 36 studies), whereas there were 6 studies on non-
flavonoids and 4 studies on total polyphenols. Among the
flavonoids, flavanols constituted the highest number of studies,
whereas the stilbenes were the most studied class in the non-
flavonoid group (Supplementary Figure S1). The average doses
of the different phenolic compounds as administered in the
included studies are illustrated in Figure 2. The doses ranged
from 20 to 1000 mg/d, 30 to 1177 mg/d, and 6.2 to 1000 mg/
d for nonflavonoids, total polyphenols, and flavonoids, respec-
tively. An elaborate description of the characteristics of each
included study is provided in Supplementary Table S1.

Although neitherweight nor BMIwas an intended outcome for
our review, we provide details of these 2 parameters (Supple-
mentary Table S2). In 15 of 46 studies thatmeasured bodyweight,
only 4 studies reported significant weight loss in the intervention
groups. In 3 of these 4 studies, participants were required to
follow an isocaloric diet alongside the test food or supplement.

Mostly food intakemeasurements were performed as a control
tool for adherence to the intervention and quite often results of
dietary intake were never reported. For the 20 studies that re-
ported dietary intake results, none of them indicated significant
changes in total energy andmacronutrient intake (carbohydrates,
proteins, fats, fiber, SFA, and PUFA) across study arms. Details of
dietary intake and restrictions/modifications are shown in Sup-
plementary Table S2. Participants were often encouraged to
maintain habitual diet. Only 15 studies forbade participants from
consuming other foods that might have similar concentrations of
polyphenols similar to the test food/supplement.
Risk of bias assessment
Overall, studies demonstrated a high risk of selection, per-

formance, and detection bias (Supplementary Figures S2 and
S3). Thirteen studies did not provide details of random sequence
generation, 15 studies either did not report allocation
FIGURE 2. Average daily dosage of the different phenolic compounds
in the included studies. RCT, randomized controlled trial.
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concealment or the details were unclear, whereas in 7 studies
there was no blinding of participants and personnel or outcome
assessors. Consequently, 8 studies [8,17–23] were rated “high,”
whereas 5 studies [24–28] were judged to have “some concerns”
for overall RoB.

Publication bias assessment
Visual inspection of funnel plots of mean difference and SE

(Supplementary Figures S4–S14) suggested potential publication
bias for the effect of polyphenols on SBP, DBP, LDL-cholesterol,
flow-mediated dilation (FMD), IL-6, and waist circumference.
Additionally, results of Egger’s regression-based test presented in
Supplementary Table S4 confirmed publication bias for SBP,
DBP, LDL-cholesterol, and IL-6. Using trim-and-fill correction, 3,
9, 2, 4, 1, 3, 4, and 3 potentially missing studies were imputed for
the analysis of SBP, LDL-cholesterol, HDL-cholesterol, TG, FBG,
waist circumference, IL-6, and CRP, respectively. The imputed
effect sizes are presented in Supplementary Table S5.

Meta-analysis results
The overall results of the meta-analyses for the different out-

comes are presented in Table 2 [29–51]. Subgroup analyses are
reported in Tables 3–6 for intervention materials, study duration,
study size, and study design, respectively. Forest plots for the
intervention material subgroup analysis of TGs, total cholesterol,
and waist circumference are presented in Figures 3–5, respec-
tively, and in Supplementary Figures S15–S22 for SBP, DBP, LDL-
cholesterol, HDL-cholesterol, FBG, FMD, IL-6, and CRP.

Effect of polyphenols on blood pressure
Polyphenols significantly reduced SBP (�3.53 mmHg; 95%

CI: �3.90, �3.16 mmHg; P ¼ 0.00001). In a sensitivity analysis,
the removal of studies with high RoB [8,19–22], yielded an ef-
fect size of �3.51 mmHg; 95% CI: �3.68, �3.33 mmHg; P ¼
0.00001. Both shorter and longer follow-up durations had
similar effect sizes. Whole polyphenol-rich foods but not purified
food polyphenol extracts conferred a significant effect on SBP
(�3.69 mmHg; 95% CI: �4.24, �3.15 mmHg; P ¼ 0.00001).

Regarding DBP an overall significant reduction (�1.41
mmHg; 95% CI: �2.38, �0.44 mmHg; P ¼ 0.004) was observed.
In sensitivity analysis, removal of studies [8,19–21,57] with high
RoB, marginally reduced the effect size (�1.21 mmHg; 95% CI:
�2.24, �0.18 mmHg; P ¼ 0.02). When studies were stratified
according to study size, small studies demonstrated a higher ef-
fect size (�2.34 mmHg; 95% CI: �3.84, �0.84 mmHg; P ¼
0.002) than larger studies (�0.43 mmHg; 95% CI: �0.85, �0.01
mmHg; P¼ 0.05). Only whole polyphenol-rich foods had a sig-
nificant reducing effect on DBP. Studies with shorter durations
had a larger effect size (�2.40 mmHg; 95% CI: �2.94, �1.87
mmHg; P ¼ 0.00001) than longer duration studies (�1.32
mmHg; 95% CI: �2.56, �0.09 mmHg; P ¼ 0.03).

Effect of polyphenols on blood lipid metabolism
Regarding LDL-cholesterol, a nonsignificant reduction (�5.4

mg/dL; 95% CI:�17.94, 7.14 mg/dL, P¼ 0.40) was observed. In
parallel design subanalysis, the effect size increased to signifi-
cant levels. None of the intervention materials had a significant
effect on LDL-cholesterol. When study size was considered
separately, larger studies showed a bigger effect (�12.09 mg/dL,
95% CI: �30.49, 6.32 mg/dL, P ¼ 0.20) on LDL-cholesterol,



TABLE 2
Random-effects model meta-analysis of mean difference of blood pressure, lipid profile, fasting blood glucose, waist circumferences, endothelial
function, and markers of inflammation

Outcomes WMD (95% CI) P value Studies, n Participants, n I2(%) References

Blood pressure (mmHg)
SBP �3.53 (�3.90, �3.16) 0.00001 27 1313 3 [8,19–22,26-28,29,33,35,36,39,43,46,71]
DBP �1.41 (�2.38, �0.44) 0.004 26 1618 60 [8,19–22,27,28,29,33,35,36,39,43,46,71]
Lipid profile (mg/dL)
LDL-c �5.4 (�17.94, 7.14) 0.40 26 1523 98 [19,20,22–24,26,27,29,31,32,38,40,41,44–53,

57,71,72]
HDL-c 0.79 (�0.43, 2.02) 0.20 28 1621 68 [19,20,22–24,26–28,29,31,32,57,38,40–42,

44–53,71,72]
TGs �10.12 (�19.40, �0.84) 0.03 29 1657 80 [19,20,22–24,26–28,29,31,32,57,38,40–42,

44–53,71,72]
Total cholesterol �5.11 (�9.19, �1.02) 0.01 27 1570 76 [19,23,24,26,27,29,31,32,38,40,41,44–53,57,71,

72]
Glucose (FBG) (mg/dL) �1.67 (�3.91, 0.58) 0.15 25 1643 84 [8,19,20,22,26,28–32,37,38,41,42,45–47,50,

52–55,57,71,72]
Waist circumference
(cm)

�1.42 (�3.40, 0.56) 0.16 13 1055 77 [22,28–31,37,45,46,51,53–55,72]

FMD (%) 2.22 (0.66, 3.77) 0.005 9 338 92 [7,28,32,34,44,51,70–72]
Inflammation markers
IL-6 (pg/mL) �0.14 (�1.16, 0.87) 0.78 10 502 97 [17,18,25,27,31,38,47,49,51,56]
CRP (mg/L) �0.16 (�0.35, 0.03) 0.09 16 829 0 [8,17–19,24,32,38,41,46,47,49,52,56,57,72,80]

I2 statistic (statistical heterogeneity).
DBP, diastolic blood pressure; FBG, fasting blood glucose; FMD, flow-mediated dilation; SBP, systolic blood pressure; WMD, weighted mean dif-
ference.
Significance level at P < 0.05.

TABLE 3
Random-effects model meta-analysis of mean difference of blood pressure, lipid profile, fasting blood glucose, waist circumferences, endothelial
function, and markers of inflammation according to trial intervention material

Subgroups WMD (95% CI) P value Studies, n Participants, n I2 (%)

SBP (mmHg)
Whole polyphenol-rich food �3.69 (�4.24, �3.15) 0.00001 16 846 24
Purified food polyphenol extracts �1.45 (�3.19, �0.28) 0.10 11 467 0
DBP (mmHg)
Whole polyphenol-rich food �1.44 (�2.56, �0.31) 0.0002 14 773 66
Purified food polyphenol extracts �1.13 (�3.32, 1.07) 0.31 12 845 53
LDL-c (mg/dL)
Whole polyphenol-rich food �5.03 (�25.87, 15.80) 0.64 15 823 99
Purified food polyphenol extracts �4.98 (�10.31, 0.34) 0.07 11 700 54
HDL-c (mg/dL)
Whole polyphenol-rich food 0.44 (�1.30, 2.18) 0.62 16 871 75
Purified food polyphenol extract 1.15 (�0.66, 2.96) 0.21 12 750 51
Glucose (FBG) (mg/dL)
Whole polyphenol-rich food �2.06 (�6.05, 1.94) 0.31 14 784 83
Purified food polyphenol extracts �1.06 (�3.37, 1.24) 0.37 11 839 74
FMD (%)
Whole polyphenol-rich food 1.44 (0.35, 2.52) 0.009 6 207 84
Purified food polyphenol extract 4.92 (�6.30, 16.14) 0.39 3 131 97
IL-6 (pg/mL)
Whole polyphenol-rich food �0.21 (�0.85, 0.43) 0.52 4 165 0
Purified food polyphenol extracts �0.27 (�1.61, 1.07) 0.69 6 337 98
CRP (mg/L)
Whole polyphenol-rich food �0.21 (�0.48, 0.06) 0.12 8 298 10
Purified food polyphenol extracts �0.19 (�0.57, 0.20) 0.34 8 531 0

I2 statistic (statistical heterogeneity).
DBP, diastolic blood pressure; FBG, fasting blood glucose; FMD, flow-mediated dilation; SBP, systolic blood pressure; WMD, weighted mean dif-
ference.
Significance level at P < 0.05.
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TABLE 4
Random-effects model meta-analysis of mean difference of blood pressure, lipid profile, fasting blood glucose, waist circumferences, endothelial
function and markers of inflammation according to the duration of trials

Subgroups WMD (95% CI) P value Studies, n Participants, n I2 (%)

SBP (mmHg)
Longer study duration �3.68 (�4.30, �3.06) 0.00001 18 1004 0
Shorter study duration �3.50 (�5.78, �1.22) 0.003 9 309 33
DBP (mmHg)
Longer study duration �1.30 (�2.50, �0.10) 0.03 17 1310 44
Shorter study duration �2.40 (�2.94, �1.87) 0.00001 9 308 0
LDL-c (mg/dL)
Longer study duration �9.64 (�29.59, 10.32) 0.34 17 1163 98
Shorter study duration 3.15 (�2.69, 8.99) 0.4 9 360 74
HDL-c (mg/dL)
Longer study duration 1.29 (�0.36, 2.94) 0.13 18 1213 62
Shorter study duration 0.00 (�1.76, 1.76) 0.2 10 408 44
TGs (mg/dL)
Longer study duration �13.56 (�24.73, �2.39) 0.02 19 1249 77
Shorter study duration �3.94 (�20.44, 12.56) 0.64 10 408 77
Total cholesterol (mg/dL)
Longer study duration �7.59 (�12.06, �3.11) 0.0009 18 1210 47
Shorter study duration 1.54 (�3.43, 6.51) 0.54 9 360 56
Glucose (FBG) (mg/dL)
Longer study duration �2.62 (�5.53, 0.29) 0.08 16 1272 79
Shorter study duration 0.78 (�0.92, 2.49) 0.37 9 351 35
Waist circumference (cm)
Longer study duration �2.05 (�4.18, 0.08) 0.06 10 903 80
Shorter study duration 2.16 (�2.07, 6.40) 0.32 3 146 24
FMD (%)
Longer study duration 4.72 (�1.82, 11.26) 0.16 3 140 97
Shorter study duration 1.73 (0.71, 2.74) 0.0009 6 198 72
IL-6 (pg/mL)
Longer study duration 0.32 (�1.22, 1.86) 0.69 4 253 70
Shorter study duration �0.42 (�1.73, 0.88) 0.53 6 249 96
CRP (mg/L)
Longer study duration �0.11 (�0.33, 0.11) 0.32 9 553 0
Shorter study duration �0.33 (�0.71, 0.05) 0.09 7 276 0

Longer study duration (>4 wk) and shorter study duration (3 d to 4 wk).
I2 statistic (statistical heterogeneity).
DBP, diastolic blood pressure; FBG, fasting blood glucose; FMD, flow-mediated dilation; SBP, systolic blood pressure; WMD, weighted mean dif-
ference.
Significance level at P<0.05.
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whereas there was an increase in LDL-cholesterol in the subset of
small studies (6.13 mg/dL, 95% CI: �0.03, 2.29 mg/dL, P ¼
0.05). When study duration was considered, only longer studies
had reducing effect on LDL-cholesterol (�9.64 mg/dL 95% CI:
�29.59, 10.32 mg/dL, P ¼ 0.34).

Overall, HDL-c increased by 0.79 mg/dL, 95% CI:�0.43, 2.02
mg/dL, P ¼ 0.20; which increased to 1.16 mg/dL, 95% CI:
�0.33, 2.64 mg/dL, P¼ 0.13 upon pooling large studies. Neither
intervention materials nor study duration subanalyses had a
significant effect on HDL-cholesterol.

There was a significant reduction of TGs (�10.12 mg/dL, 95%
CI: �19.40, �0.84 mg/dL, P ¼ 0.03), which became even larger
when subgroups of larger studies and longer follow-up duration
were considered (�14.19 mg/dL, 95% CI: �26.78, �1.60 mg/
dL, P ¼ 0.03), (�13.56 mg/dL 95% CI: �24.73, �2.39 mg/dL, P
¼ 0.02), respectively. When purified food polyphenol extracts
were considered separately, TGs reduced by �13.43 mg/dL 95%
CI: �23.63, �3.23 mg/dL, P ¼ 0.01 (Figure 3).

Similarly, there was a significant reduction in total cholesterol
(�5.11 mg/dL, 95% CI: �9.19, �1.02 mg/dL, P ¼ 0.01). When
only purified food polyphenol extracts were pooled, the effect
significantly increased to �9.03 mg/dL, 95% CI: �16.46, �1.60,
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P¼0.02 (Figure 4). In addition, large studies and longer follow-up
duration had a large reducing effect on total cholesterol (�7.55
mg/dL, 95%CI:�12.47,�2.64mg/dL,P¼0.003, and�7.59mg/
dL 95% CI: �12.06, �3.11 mg/dL, P ¼ 0.0009), respectively.

Effect of polyphenols on glucose homeostasis
Overall, polyphenols reduced fasting blood glucose (FBG) by

�1.67 mg/dL, 95% CI: �3.91, 0.58 mg/dL, P ¼ 0.15. Consid-
ering parallel trials separately, the effect grew significantly
(�3.31 mg/dL, 95% CI: �6.52, �0.10 mg/dL, P ¼ 0.04). When
the effect was estimated independently in large and longer
studies, it increased to �2.08 mg/dL, 95% CI: �4.17, 0.02 mg/
dL, P ¼ 0.05 and �2.37 mg/dL, 95% CI: �5.20, 0.45 mg/dL, P ¼
0.1, respectively. None of the intervention materials had a sig-
nificant effect on FBG.

Effect of polyphenols on waist circumference
There was a nonsignificant reduction in waist circumference

(�1.42 cm; 95% CI:�3.40, 0.56 cm; P¼ 0.16) and this effect size
further reduced to �1.18 cm; 95% CI: �3.28, 0.92 cm; P ¼ 0.27
when Buscemi et al. [17] was removed (due to high RoB). The
pooled effect in only large studies was�2.08 cm; 95% CI:�4.17,



TABLE 5
Random-effects model meta-analysis of mean difference of blood pressure, lipid profile, fasting blood glucose, waist circumferences, endothelial
function, and markers of inflammation according to the study size

Subgroups WMD (95% CI) P value Studies, n Participants, n I2 (%)

SBP (mmHg)
Large studies �3.42 (�4.75, �2.09) 0.00001 14 959 14
Small studies �3.49 (�3.67, �3.31) 0.00001 13 354 0
DBP (mmHg)
Large studies �0.43 (�0.85, �0.01) 0.05 14 1329 0
Small studies �2.34 (�3.84, �0.84) 0.002 12 289 39
Lipid profile (mg/dL)
LDL-c
Large studies �12.09 (�30.49, 6.32) 0.2 17 1301 99
Small studies 6.13 (�0.03, 12.29) 0.05 9 222 55

HDL-c
Large studies 1.16 (�0.33, 2.64) 0.13 18 135 74
Small studies 0.15 (�2.14, 1.84) 0.88 10 270 27

TGs
Large studies �14.19 (�26.78, �1.60) 0.03 19 1387 82
Small studies �4.6 (�13.86, 4.65) 0.33 10 270 31

Total cholesterol
Large studies �7.55 (�12.47, �2.64) 0.003 18 1348 81
Small studies 1.29 (�4.63, 7.22) 0.67 9 222 45

Glucose (FBG) (mg/dL)
Large studies �2.75 (�5.85, 0.34) 0.08 17 1430 77
Small studies 0.09 (�2.40, 2.58) 0.95 8 193 77

Waist circumference (cm)
Large studies �2.08 (�4.17, 0.02) 0.05 11 978 78
Small studies 2.46 (�2.78, 7.70) 0.36 2 77 60

FMD (%)
Large studies 3.87 (0.92, 6.82) 0.01 5 271 94
Small studies 0.57 (�1.51, 2.66) 0.59 4 67 90

IL6 (pg/mL)
Large studies �0.11 (�1.35, 1.14) 0.86 8 455 98
Small studies �0.24(�0.65, 0.17) 0.25 2 47 0

Large studies (�30 participants) and small studies (<30 participants).
I2 statistic (statistical heterogeneity).
DBP, diastolic blood pressure; FBG, fasting blood glucose; FMD, flow-mediated dilation; SBP, systolic blood pressure; WMD, weighted mean dif-
ference.
Significance level at P < 0.05.
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0.02 cm; P ¼ 0.05. However, when intervention materials were
considered separately, purified food polyphenol extracts had a
larger effect (�3.04 cm; 95% CI: �7.06, 0.98 cm, P ¼ 0.14) than
whole polyphenol-rich foods (�0.25 cm; 95% CI: �1.76, 1.26
cm, P ¼ 0.75) (Figure 5).

Effect of polyphenols on vascular function
Polyphenols increased FMD (2.22 %; 95% CI: 0.66, 3.77%; P

¼ 0.005) which rose when only large (3.87%; 95% CI: 0.26, 8.31
%; P ¼ 0.01), longer studies (4.72% 95% CI: �1.82, 11.26; P ¼
0.16) and purified food polyphenol extracts (4.92%; 95% CI:
�6.30, 16.14 %; P ¼ 0.39) subgroups were considered. In
sensitivity analysis, removal of Buscemi et al.’s study [17] due to
high RoB reduced the overall effect size to 2.14%; 95% CI: 0.43,
3.86%; P ¼ 0.01.

Effect of polyphenols on inflammation markers
An overall nonsignificant IL-6 reduction (�0.14 pg/mL; 95%

CI: �1.16, 0.87 pg/mL; P ¼ 0.78) was observed. In a sensitivity
analysis, when 3 studies were removed [17,18,25] due to high
RoB, effect size plummeted to �0.03 pg/mL; 95% CI: �0.44,
0.39 pg/mL; P ¼ 0.91. Similarly, a nonsignificant reduction
(�0.16 mg/L; 95% CI: �0.34, 0.05 mg/L; P ¼ 0.09) was
observed in CRP. When studies (8,17–19] were removed owing
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to the high RoB, the effect size was almost unchanged (�0.13
mg/L; 95% CI: �0.34, 0.08 mg/L; P ¼ 0.22. Study duration,
study design, intervention material, and study size subanalyses
did not have a significant effect on IL-6 and CRP.
Discussion

This meta-analysis aimed to consolidate the available evi-
dence on the impact of dietary polyphenols on blood pressure,
lipid profile, blood glucose, waist circumference, vascular func-
tion, and markers of inflammation. Overall, compared with
placebo, polyphenols demonstrated beneficial effects on the
selected outcomes. Most importantly, significant reduction was
observed in blood pressure, TGs, and total cholesterol. Similarly,
significant improvement was noted in vascular function marked
by the increase in the FMD. No substantial effect on waist
circumference and glucose homeostasis was observed. Except for
SBP, a high heterogeneity was observed in all outcomes.

Polyphenols are the most ubiquitous phytochemicals in a
regular human diet with a total daily intake of approximately 1 g
[5], and are becoming popular in both primary and secondary
prevention of cardiometabolic risks, especially high blood pres-
sure and dyslipidemia. Although the evidence that polyphenols



TABLE 6
Random-effects model meta-analysis of mean difference of blood pressure, lipid profile, fasting blood glucose, waist circumferences, endothelial
function, and markers of inflammation according to study design

Outcomes and subgroups WMD (95% CI) P value Studies, n Participants, n I2 (%)

SBP (mmHg)
Parallel Design �3.28 (�4.52, �2.03) 0.00001 17 949 18
Cross-over Design �3.49 (�3.67, �3.31) 0.00001 10 364 0
DBP (mmHg)
Parallel design �1.14 (�2.38, 0.09) 0.07 16 1333 43
Cross-over design �2.41 (�2.94, �1.88) 0.00001 10 285 0
LDL-c (mg/dL)
Parallel design �10.31 (�31.13, 10.50) 0.00001 16 1179 98
Cross-over design 2.93 (�2.29, 8.16) 0.27 10 344 70
HDL-c (mg/dL)
Parallel design 0.58 (�1.05, 2.22) 0.4 16 876 39
Cross-over design 1.18 (�0.84, 3.19) 0.25 11 585 82
TGs (mg/dL)
Parallel design �18.25 (�28.73, �7.78) 0.0006 18 1265 58
Cross-over design �0.25 (�10.29, 9.79) 0.05 11 392 58
Total cholesterol (mg/dL)
Parallel design �9.05 (�14.03, �4.08) 0.0004 17 1226 49
Cross-over design 1.93 (�2.06, 5.92) 0.34 10 344 45
Glucose (FBG) mg/dL
Parallel design �3.31 (�6.52, �0.10) 0.04 15 1288 78
Cross-over design 1.28 (0.19, 2.37) 0.02 10 335 12
Waist circumference (cm)
Parallel design �1.57 (�3.74, 0.60) 0.16 11 967 81
Cross-over design �0.17 (�4.41, 4.06) 0.94 2 88 0
FMD (%)
Parallel design 3.28 (0.13, 6.43) 0.04 4 181 96
Cross-over design 2.16 (1.26, 3.06) 0.00001 5 157 39
IL-6 (pg/mL)
Parallel design 0.32 (�1.22, 1.86) 0.69 4 253 70
Cross-over design �0.42 (�1.73, 0.88) 0.53 6 249 96
CRP (mg/L)
Parallel design �0.16 (�0.48, 0.16) 0.33 7 528 6
Cross-over design �0.26 (�0.55, 0.04) 0.17 9 263 0

I2 statistic (statistical heterogeneity).
DBP, diastolic blood pressure; FBG, fasting blood glucose; FMD, flow-mediated dilation; SBP, systolic blood pressure; WMD, weighted mean dif-
ference.
Significance level at P < 0.05.
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can improve HDL-cholesterol was unconvincing, our review
demonstrated that polyphenols are quite efficacious on lowering
LDL-cholesterol, total cholesterol, and TGs. Katan et al. [58]
showed that a daily intake of 2–2.4 g of phytochemicals, such as
plant sterols, resulted into an average reduction of
LDL-cholesterol by 8.9%; 95% CI: 7.4, �10.5, an effect closer to
the clinical significance of 10% LDL-cholesterol–lowering effect
following a daily intake of 2 g of phytosterols [59]. There is
compelling evidence that lowering blood cholesterol regulates
the risk of CVDs [59,60]. For example, every 1% reduction in
cholesterol levels attracts a 1%–2% decrease in cardiovascular
events and mortality [61]. Owing to their antioxidant properties,
dietary polyphenols can mitigate oxidative damage of blood
lipids [62]. Oxidation of LDL-cholesterol to oxLDL is a critical
step in atherosclerosis and the associated endothelial dysfunc-
tion and inflammations. Anthocyanins are considered by USDA
as the most potent flavonoids against LDL oxidation [63,64].
Concomitantly, flavonoids attenuate acute postprandial in-
flammations associated with Western diets [65]. In fact, the
European Food Safety Authority confirms that a daily intake of
200 mg of cocoa flavanols ameliorate endothelial function and
inflammations [66].
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Regarding blood pressure, the observed treatment effect on
SBP (�3.53 mmHg) following polyphenol consumption was
similar to the documented SBP reduction on adherence to
moderate alcohol and dietary sodium consumption [67]. An
overall 5 mmHg reduction in SBP is shown to reduce the risk of
stroke by 13% [68] and considerably reduce CVDmortality [69].
There was a small but rather significant reduction in DBP �1.41
mmHg, 95%CI: �2.38, �0.44. A 2 mmHg reduction in DBP co-
incides with an 11.5% decrease in the risk of stroke [68]. It can
be argued that such small reductions could complement the
pharmacologic treatment outcomes of hypertension and
contribute to the overall reduction of the risk of CVDs both at the
clinical and population levels. Our results on DBP are corrobo-
rated by a previous Cochrane review [9] that investigated the
hypotensive properties of cocoa. Two studies [27,70] from this
review were also included in our meta-analysis. A potential
mechanism of action by which polyphenols confer hypotensive
effects is by increasing the bioavailability of NO and upregulat-
ing endothelial NO-synthase activity. NO is a potent vasodilator
that reduces blood pressure [9,69,71,72]. Additionally, flavo-
noids especially flavanols may block ACE activity, reducing
blood pressure [9] In fact, flavanols, anthocyanins, phenolic



FIGURE 3. Random-effects model meta-analysis of mean differences of trials measuring TGs (mg/dL) in participants given whole polyphenol-rich
foods and purified food polyphenol extracts.

FIGURE 4. Random-effects model meta-analysis of mean differences of trials measuring total cholesterol (mg/dL) in participants given whole
polyphenol-rich foods and purified food polyphenol extracts.
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FIGURE 5. Random-effects model meta-analysis of mean differences of trials measuring waist circumference (cm) in participants given whole
polyphenol-rich foods and purified food polyphenol extracts.
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acids, tannins, and resveratrol have been identified as green ACE
inhibitors [73]. These putative benefits have been shown to vary
with the duration of the intervention. There is evidence that
long-term interventions with flavanol supplementation can avert
27% of CVD deaths [74].

Based on study follow-up duration subanalyses, longer studies
yielded a bigger reduction in total cholesterol, LDL-cholesterol,
TGs but not HDL-cholesterol. Evidence from human trials has
shown that the treatment effect of polyphenols is larger
following an intake longer than 1mo [75,76]. Likewise, intake of
purified (poly)phenolic extracts in the form of supplements
coincided with a larger treatment effect in dyslipidemia; TGs,
total cholesterol, and a marginal increase in HDL-cholesterol.

Concerning waist circumference, there was a larger reduction
following the intake of purified food polyphenol extracts
compared with polyphenol-rich foods. Polyphenols especially
refined isoflavone have been shown to increase fat loss [77]. The
superior bioactivity of purified (poly)phenolic supplements
hinges on their ability to overcome bioavailability constraints
associated with whole foods [5].

Since participants were often encouraged tomaintain habitual
diet, and where dietary restrictions were imposed, they applied
both to both the study arms, and because an average adherence of
94% to the interventions was registered, it is possible that the
observed effects are attributable to polyphenol intake.

Study strength and limitations
This meta-analysis included only RCTs. We closely followed

the rigorous methodology of the Cochrane Collaboration for
systematic reviews for interventions [15]. The search strategy
was comprehensive and involved both computerized andmanual
searches. The uniqueness of this review is the comparison of the
efficacy between whole polyphenol-rich foods and purified food
polyphenol extracts often used as supplements. However, the
review also has some limitations. A number of trials did not
follow the CONSORT 2010 guidelines of reporting an RCT [78,
79] and this resulted in a number of methodological flaws.
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Subgroup analysis on the basis of dosage was not possible
because both polyphenol-rich food and purified food polyphenol
extracts were too diverse for any meaningful stratification. In
some studies, measurement techniques for certain parameters
were either not reported or varied across studies. Notably, blood
pressure measurements varied with respect to the position
(sitting, standing, and supine) and method (clinical and ambu-
latory). Adherence to intervention materials was mostly
self-reported or by counting emptied packages and seldom did
studies measure plasma or urine metabolites. Whole food prod-
ucts studied often lacked proper taxonomic and composition
profiles. Moreover, the chemical composition of such foods
postulates variations across subspecies, preservation and prepa-
ration methods, and time of harvest. Such variations can have
potential alterations in the test effects [5]. The search strategy
did not include terms of individual food items used as inter-
vention materials; hence some food intervention trials may have
been left out. Finally, this review only focused on surrogate
markers but not clinical outcomes, such as CVD mortality.

Conclusions

Evidence in this meta-analysis suggests that dietary poly-
phenol interventions can suppress several cardiometabolic risks
in patient populations. The extent of treatment effect varies
considerably fromone riskmarker to the other. A larger effect size
was observed with LDL-cholesterol, TGs, total cholesterol, and
SBP. Purified (poly)phenolic extracts are generally more effica-
cious than whole polyphenol-rich foods. Larger interventions
with longer follow-up durations are more effective than shorter
and small ones. These findings point to the potential application
of polyphenol-rich foods in the management of cardiometabolic
risks. However, because of high heterogeneity and RoB among
RCTs in the study, caution must be taken while interpreting the
results. In addition, there is a need for more well-designed large
RCTs with longer duration to increase confidence in conclusions
regarding the efficacy of polyphenols on cardiometabolic risk
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markers. More mechanistic studies are required to substantiate
the effect of polyphenols on especially glucose and cholesterol
regulation and delineate it from dietary fibers.
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